A genetic linkage map of soybean was constructed by using a cross between a cultivar 'Keburi' and a weedy form of soybean 'Masshokutou Kou 502'. The parents differed in their ability in somatic embryogenesis. The mapping population consisted of 117 recombinant inbred lines (F 11 ), and generated 30 linkage groups, which covered 2089 cM, including 515 amplified-fragmentlength polymorphism (AFLP) markers and 85 simple sequence repeat (SSR) markers. For AFLP analysis, a simple technique using small polyacrylamide gels combined with silver staining was applied, which enabled a single person to construct a map in a short time at a reasonable cost. Comparison of this map with previously published maps revealed that 1) the level of polymorphism was the same as in a cultivar × cultivar cross; and 2) the cultivar × weed map was 13 % shorter than the cultivar × wild map. The high-density map constructed in this study would contribute to the molecular mapping of quantitatively and qualitatively inherited characters from weedy forms of soybean.
A genetic linkage map of soybean was constructed by using a cross between a cultivar 'Keburi' and a weedy form of soybean 'Masshokutou Kou 502'. The parents differed in their ability in somatic embryogenesis. The mapping population consisted of 117 recombinant inbred lines (F 11 ), and generated 30 linkage groups, which covered 2089 cM, including 515 amplified-fragmentlength polymorphism (AFLP) markers and 85 simple sequence repeat (SSR) markers. For AFLP analysis, a simple technique using small polyacrylamide gels combined with silver staining was applied, which enabled a single person to construct a map in a short time at a reasonable cost. Comparison of this map with previously published maps revealed that 1) the level of polymorphism was the same as in a cultivar × cultivar cross; and 2) the cultivar × weed map was 13 % shorter than the cultivar × wild map. The high-density map constructed in this study would contribute to the molecular mapping of quantitatively and qualitatively inherited characters from weedy forms of soybean.
Introduction
The genus Glycine consists of two subgenera, Glycine and Soja. The latter includes cultivated and wild forms, named respectively G. max and G. soja. Both species are annual and diploid with 2n = 40 (Hymowitz et al. 1998) . A weedy form (G. gracilis) which is morphologically intermediate between the cultivated and wild forms also occurs in Northeast China (Skvortzow 1927) . Crossing experiments show that the three forms in fact comprise a single biological species Hymowitz 1989, Smartt 1990) , and the weedy form is incorporated into G. max (Hymowitz et al. 1998) . Nevertheless crossing cultivated and weedy forms provides a considerable polymorphism for both quantitatively and qualitatively inherited characters. More than ten years ago, one of us reported that some wild and weedy soybeans exhibited a higher competence for somatic embryogenesis and plant regeneration than did cultivated soybeans Ohyama 1988, Komatsuda and Ko 1990) . This finding was of great interest for mapping quantitative trait loci (QTLs). For these purposes, in the present study we constructed recombinant inbred lines (RILs) and a molecular linkage map of cultivar × weedy combination.
Since molecular marker systems have been improved dramatically, the construction of genetic linkage maps has become possible in many plants. The first soybean genetic map was constructed with 57 classical markers (Palmer and Kilen 1987) . Thereafter, high-density molecular maps have been gradually developed by using restriction-fragmentlength polymorphism (RFLP) markers (Apuya et al. 1988 , Keim et al. 1989 , Shoemaker 1994 , random amplified polymorphic DNA (RAPD) markers (Williams et al. 1990 ), simple sequence repeat (SSR) markers (Akkaya et al. 1992 , Maughan et al. 1995 , and amplified-fragment-length polymorphism (AFLP) markers (Maughan et al. 1996 , Keim et al. 1997 . The AFLP system was developed to provide a larger number of polymorphic bands per lane than in the other marker systems (Vos et al. 1995) . Recently a simple AFLP technique using small polyacrylamide gels combined with silver staining has been developed (Mano et al. 2001) , it enables a single person to construct an AFLP map in a short time at a reasonable cost.
To construct maps using hundreds of AFLP markers, 'known' markers, such as RFLP and SSR markers, are very useful as 'anchors'. SSR markers are ideal tools because they are highly abundant and evenly distributed in the genome, highly polymorphic, codominant, rapidly typed via Communicated by K. TakedaPCR reactions, and highly accessible to other laboratories (Diwan and Cregan 1997, Morgante and Olivieri 1993) . When the system was applied to soybean (Akkaya et al. 1992) , a total of 606 SSR loci were mapped in three populations (Cregan et al. 1999) . The integration of AFLP and SSR markers increases the information on AFLP maps, because the chromosomal location of each AFLP can be identified.
Because AFLP generates dominant markers, welladvanced RILs have major advantages over F 2 populations. They represent an important genetic resource for developing and exploiting linkage maps (Burr et al. 1988) . RILs have been used to construct linkage maps for rice (Cho et al. 1998) , barley (Mano et al. 2001 , Qi et al. 1998 , and soybean (Keim et al. 1997) . RILs also have an advantage for the genetic analysis of quantitative traits, because they provide a sufficient amount of seeds for replicated field-testing and are permanent populations that can be propagated in a variety of environments by many investigators.
In this paper, we describe the construction of a highdensity soybean AFLP and SSR map using RILs of the F 11 generation developed from a cross between a cultivar and a weedy soybean. We compared the generated map with published cultivar × wild and cultivar × cultivar maps.
Materials and Methods

Plant materials
Keburi is a Japanese cultivar, and Masshokutou Kou 502 (synonymous with Mo-shi-dou Gong 502) is a weedy soybean originating from Manchuria (Fukuda 1933) . The parents were chosen based on the difference in their ability in somatic embryogenesis (Komatsuda et al. 1991 , Endo et al. 1998 , Ito et al. 1999 . Seeds were obtained from the Gene Bank of NIAS (formerly NIAR) and have been maintained in our laboratory since 1987. RILs (F 11 ) were generated by single-seed descent from a cross between Keburi as the female and Masshokutou Kou 502 as the male, with two or three generations per year in the field or in a greenhouse (Komatsuda, unpublished) . A total of 117 RILs were used for genetic mapping.
DNA isolation
Total DNA was extracted from 2 g of leaf tissue from six-week-old seedlings following the procedure described by Dellaporta et al. (1985) with some modifications . The DNA concentration was estimated by comparison with lambda DNAs stained with ethidium bromide in a 1.2 % agarose gel.
AFLP analysis
The AFLP analysis essentially followed the methods described by Vos et al. (1995) and the instructions of Gibco BRL (Life Technologies, Inc., Rockville, MD, USA), with a modification for electrophoresis using a small slab gel (16 cm × 16 cm) consisting of 6 % stacking gel and 7 % separation gel with a discontinuous buffer system (Mano et al. 2001) . Pre-selective and selective primers are listed in Table 1 . The name of each AFLP band is derived from the primer combinations and the relative size of the amplified fragments. The fragment sizes ranged from 1 to 13 against DNA molecular weight marker VIII (Boehringer Mannheim, Tokyo, Japan). They were designated as follows: 1, > 1114 bp; 2, 1114-900 bp; 3, 900-692 bp; 4, 692-501 bp; 5, 501-489 bp; 6, 489-404 bp; 7, 404-320 bp; 8, 320-242 bp; 9, 242-190 bp; 10, 190-147 bp; 11, 147-124 bp; 12, 124-110 bp; 13, 110-67 bp. For example, "e13m29-10" indicates the polymorphic fragment in size range 10 (190-147 bp) that was amplified by the E-ATA and M-CTA primer combination. 
SSR analysis
We selected 150 SSR markers from the linkage map reported by Cregan et al. (1999) . Reaction mixtures contained 30 ng of soybean genomic DNA, 0.15 µM forward and reverse primers, 0.15 mM dNTPs, 1 × PCR buffer (20 mM Tris · HCl [pH 8.0], 100 mM KCl, 1.5 mM MgCl 2 , 0.5 % Triton X-100; Nippon Gene, Tokyo, Japan), and 0.35 units of Taq DNA polymerase (Nippon Gene, Japan, or Promega, Madison, Wis., USA) in a total volume of 10 µL. The thermal cycler (MJ Research, Watertown, Mass., USA) was programmed as follows: 2 min at 95°C followed by 40 cycles of 25 s at 92°C, 25 s at 47°C or 40°C, and 25 s at 68°C. PCR products were separated by electrophoresis on 2 % Agarose L03 (Takara Shuzou, Tokyo, Japan) or 3 % MetaPhor agarose (FMC, Rockland, Maine, USA). For each primer set, the annealing temperature for PCR and the agarose gel for electrophoresis were determined from the preliminary test.
Seed storage protein
Because Keburi lacks the α′-subunit of β-conglycinin (Kitamura and Kaizuma 1981), we analyzed the phenotype of each RIL by SDS-PAGE according to the method described by Kitamura et al. (1984) .
Map construction
We used the RI model of MAPMAKER ver. 3.0 (Lander et al. 1987) . To choose "anchors" from the SSRs, we applied the "group" command at LOD > 3.0 and recombination fraction = 0.5 to the 86 SSRs. Using the resulting 59 SSRs as anchors, we tried to assign AFLP markers and the rest of SSR markers to 20 groups by using the "two-point" command at LOD > 3.0 and recombination fraction = 0.3. Unassigned markers were then grouped at LOD > 3.0 and recombination fraction = 0.5. A framework map was constructed by using the "three-point" and "order" commands at LOD > 3.0, and then at LOD > 2.0. The marker order was verified by use of the "ripple" command. Markers that could not be placed on the framework map at LOD > 2.0 were called "accessory" markers and were placed to the right of the nearest upper framework marker with their map distance (cM) from it marked (Fig. 1) . For the linkage groups with few markers, the marker order and distance were calculated by using the "compare" and "map" commands. Kosambi's mapping function was used to calculate the map distances (Kosambi 1944) .
Results
AFLP markers
The 16 selective primers for each of the EcoRI and MseI restriction enzymes (Table 1) , and the 256 possible primer combinations, were used to determine the levels of polymorphism in the parents (Keburi and Masshokutou Kou 502). On average, 35.5 AFLP bands were generated for each primer pair in Keburi or Masshokutou Kou 502 and 3.7 bands (11 %) were polymorphic between the parents. For segregation analysis, we selected 91 primer combinations that showed more than five polymorphic bands per lane. Of 775 bands that were polymorphic in the parents, 532 clearly identified bands were scored as AFLP markers. The remaining 243 polymorphic bands were not included because of ambiguity in scoring, owing to a dense or overlapping banding pattern. The best two primer combinations were e04m31 and e12m26, which showed 42 % and 44 % polymorphic bands, respectively (data not shown).
The usefulness and applicability of these AFLP markers in the construction of a soybean linkage map were tested by the chi-squared method for goodness of fit to the expected 1 : 1 ratio. As a result, 56 out of 532 AFLP fragments showed a distorted segregation significant at the 5 % level, and 27 at the 1 % level (Fig. 1) . Of the 532 AFLP markers, 280 (53 %) were dominant for the Keburi allele and 252 (47 %) for the Masshokutou Kou 502 allele.
SSR markers
Of 150 pairs of SSR primers preliminarily tested, 85 pairs generated single polymorphic bands identifying codominant alleles at each locus, and one pair of SSR primers generated double bands, of which one was polymorphic identifying co-dominant alleles (satt315.2) and the other was monomorphic (data not shown). Scoring of the SSRs was straightforward. Of a total of 86 SSRs, only three showed a distorted segregation significant at the 5 % level, and none at the 1 % level, showing good fit of the observed segregation to the expected 1 : 1 ratio. Heterozygosity was 0.08 % overall, indicating that this was negligible in the linkage analysis.
Linkage maps
Because Cregan et al. (1999) established 20 linkage groups based primarily on RFLP and SSR markers, we tested some of the SSR markers in this study as possible anchors for grouping AFLPs. To choose reliable anchors, we applied the "group" command of MAPMAKER to the 86 SSRs (LOD > 3.0, recombination fraction = 0.5); 56 SSRs generated 17 groups, including at least two SSRs common with the consensus map of Cregan et al. (1999) . We assumed that the 17 groups corresponded to all of the consensus maps of Cregan et al. (1999) except for D1a + Q, N and O. Including satt184, satt125 and satt094, respectively, as anchors for those exceptions, we used a total of 59 SSRs as anchors in our map construction.
Of 532 AFLP and 86 SSR markers, we assigned 462 AFLP and 82 SSR markers to the 20 consensus linkage groups. The remaining 70 AFLP and four SSR markers were then tested to construct additional groups. As a result, 53 AFLP and three SSR markers formed ten groups, which we named groups 21 to 30. The remaining 17 AFLP and one SSR markers were unlinked.
The linkage maps are shown in Fig. 1 . The 20 maps from groups 1 to 20 probably corresponded to the consensus map of Cregan et al. (1999) , because each map had at least two common SSRs and the orders of the SSRs were congruent.
The lengths of the consensus maps ranged from 19.1 cM (group 5 or consensus map C1) to 177.6 cM (group 9 or D2). The lengths of the remaining ten linkage maps ranged from 3.1 (group 30) to 43.6 cM (group 24). The total map includes 515 AFLPs and 85 SSRs and covers 2089 cM, with an average interval between markers of 3.7 cM.
The cgy1 locus for the α′-subunit of β-conglycinin was mapped to the end of linkage group 25. Since this group did not correspond to the consensus map, the cgy1 locus could not be assigned to a known linkage group.
Discussion
Ours is the first genetic linkage map constructed for cultivar × weedy soybean. We compared the level of polymorphism of this combination with a cultivar × cultivar combination. In this study 150 SSRs primer sets were used and 86 (57 %) of them generated polymorphic DNAs. Soybean is strictly inbreeding, and Nei's (1987) gene diversity for this combination was estimated as 0.57. In the studies of Cregan et al. (1999) , gene diversity within ten cultivars based on the common 150 primer sets can be estimated as 0.58. This result indicates that the cultivar × weedy combination has an equal level of potential for polymorphism as have cultivar × cultivar combinations. In their study, Cregan et al. (1999) separated SSR DNAs on sequencing gels, while we separated SSR DNAs on agarose gels. Therefore, we probably have underestimated the gene diversity in our study. In the AFLP analysis, the rate of polymorphic bands was 11 %, which is almost the same as the 12 % observed in a cultivar × cultivar cross (Keim et al. 1997) . In their study, Keim et al. (1997) separated AFLPs on sequencing gels, while we separated AFLPs on small gels. This result indicates that a cultivar × weedy cross has an equal to or higher level of potential for polymorphism than a cultivar × cultivar cross.
A reduction of map distance has been recognized in interspecific crosses of plants, including cultivar × wild crosses of soybean (Griffin and Palmer 1987) . Cregan et al. (1999) generated three linkage maps of two cultivar × cultivar crosses and one cultivar × wild cross, using mostly SSR, RFLP and RAPD markers. To study the recombinational suppression in soybean, we compared map distances between common SSRs for the cultivar × wild cross of Cregan et al. (1999) and our cultivar × weedy cross (Table 2) . We calculated a total length of common SSR intervals of 1402 cM from the cultivar × wild map and 1216 cM from the cultivar weedy map, showing a 13 % reduction (Table 2) . Even though the reduction was not statistically significant (t = 1.78, df = 19, P = 0.09), this result seems to contradict the general finding that wider crosses lead to greater reduction in recombination values. In the study of Cregan et al. (1999) cultivar × wild and cultivar × cultivar crosses were compared, Cregan et al. (1999) 2) This study.
3) Since map distances between two common simple sequence repeats were compared, the length in this table is shorter than the full length in the linkage maps. Fig. 1 . An AFLP-SSR linkage map of soybean recombinant inbred lines (F 11 ) generated from a cross between a cultivar and a weedy form. RI model of MAPMAKER/3.0 was used. Twenty linkage groups (1 to 20) were assumed to correspond to consensus maps A1 to O of Cregan et al. (1999) , because they contained at least two common SSRs and the order was congruent (except for group K). Of the ten additional linkage groups (21 to 30), groups 21, 22 and 23 were tentatively assigned to B2-2, J-2 and N-2, respectively, because each contained one SSR marker. Markers in boldface are SSR markers. Framework markers are placed immediately to the right of each linkage map. Accessory markers, which could not be assigned as framework markers, are shown in italics to the right of the nearest upper framework markers, together with their recombination distance (cM). The remaining markers, which were grouped but whose order could not be determined, are listed below the map. The following AFLP markers were excluded from the map because their inclusion considerably increased the map length: (529) e06m20-7-1, (531) e06m20-8-1, and (532) e06m20-8-2 on linkage group A2; (117) e04m29-7-1, (228) e04m32-7-2, and (347) e13m23-8 on linkage group C2; (148) e01m21-7 and (488) e02m17-8 on linkage group D1b + W; (316) e13m29-4-4 and (549) e10m20-8-2 on linkage group D2; (533) e06m20-8-3 and (535) e06m20-9-2 on linkage group F; (484) e03m31-8 on linkage group G; (123) e04m29-9 on linkage group L; and (595) e06m28-7 on linkage group O. These markers are also listed below the map. Group I was constructed with SSR markers only, because the 'order' command could not be run when AFLP markers were included. Distorted markers are indicated by * at the 5 % level and ** at the 1 % level of significance. and the map length of the former was extended, particularly in linkage groups C2 and G. The SSR markers and other molecular markers were very rich in the regions where extension was considerable (Cregan et al. 1999) . In these regions, therefore, the extension can be ascribed to the fact that the interspecific cross provides a higher degree of polymorphism, and the inclusion of a larger number of loci enabled us to detect more double crossing-over events. Only one exceptional marker remarkably extended the map distance in the cultivar × weed map: satt315.2, a marker derived from satt315. The primer set generated two fragments in both Keburi and Masshokutou Kou 502, one monomorphic and the other polymorphic. The polymorphic fragment identified the satt315.2 locus in group L; therefore the monomorphic fragment seems to correspond to the satt315 locus mapped in group A2 of Cregan et al. (1999) . In linkage group L, the map distance between the flanking markers, satt182 and satt398, was 46.9 cM (Fig. 1) , excluding the satt315.2 locus the distance became 23.7 cM, which agrees well with the 27.1 cM distance of the cultivar × wild cross of Cregan et al. (1999) . It remains to be determined why the insertion of satt315.2 extended the distance; nevertheless, the interval in linkage group L showed a large difference also between cultivar × wild and cultivar × cultivar crosses in the study of Cregan et al. (1999) , which indicates that the recombination rate within this region is highly variable depending on the cross combination.
In conclusion, we have constructed a genetic map of soybean containing 85 SSR loci that were selected as evenly distributed in the 20 consensus soybean linkage groups (Cregan et al. 1999) and 515 AFLP markers that were generated by a simple electrophoretic method. This study provides additional information, methodology, and materials to soybean geneticists and breeding scientists. The RILs generated in this study may be valuable for identifying novel gene loci that are monomorphic in cultivars. The mapping population is useful for detecting QTLs controlling agronomically important characters of soybeans.
